The lack of reproducibility is the skeleton in the closet for all high-throughput interaction studies. Indeed it is fair to say that all of the high-throughput methods for measuring protein interactions suffer from significant false-positive and false-negative scoring (von Mering et al., 2002). In fact, there is surprisingly little overlap in the data generated by different detection methods, suggesting that they are nonsaturating, erroneous, or both. For these reasons, large-scale interaction studies are frequently criticized. Another concern with twohybrid studies is whether the interactions detected are biologically relevant given that they are assessed in yeast nuclei, a nonphysiological milieu for cytoplasmic, membrane, or nonendogenous proteins. This may account for the susceptibility of the two-hybrid assay to false positives. Often, for unknown reasons, the assay exhibits a considerable rate of false-positive detection, perhaps because ectopic expression may lead to fortuitous binding or because of the natural randomness associated with mRNA expression (Raser and O'Shea, 2004). Missed interactions (false negatives) are another concern. Moving past these apprehensions, a goal for the future is to assemble the information from these interactome studies into dynamic models of cellular processes. As George Bernard Shaw wrote, "If you cannot get rid of the family skeleton, you may as well teach it to dance."
1 H NMR spectra, tryptophan burial, and thermal denaturation was used to determine if the pool of artificial WW domains mimics the range of properties seen in natural domains. Both the natural and CC sequence groups displayed a high propensity to fold to the native state in the bacterial expression system used (67% of natural domains and 28% of CC domains), and the NMR structure of a selected CC domain was indistinguishable from its natural counterparts. Perhaps equally impressive, the CC sequences had stabilities in the same range as the natural sequences. This has not been the case for protein design algorithms that use physicochemical relationships to promote desired native contacts between residues and tend to result in proteins with extreme, nonphysiological stability (e.g., Kuhlman et al., 2003) .
In contrast to the natural and CC sequence groups, IC and random sequences entirely failed to fold to a native state. Interestingly, the CC and IC sequences with the same positional conservation as natural sequences showed the same solubility as the natural sequences (72% and 70% respectively for CC and IC, compared to 84% for natural and 47% for random sequences), implying that solubility and the capacity to form a native fold are not directly linked. The authors speculate that positional conservation may be sufficient for hydrophobic collapse to a molten globule, which may be soluble. The CC and IC sequences differ only by the existence of natural coupling relationships, which indicates that the statistical coupling analysis appears to serve as a necessary and sufficient criterion for protein design. It is of interest to examine the core hydrophobic residues in the CC and IC groups in light of previous proposals that emphasize the sufficiency of the hydrophobic core in specifying the low-resolution structure of a protein (Cordes et al., 1996) . Vertical shuffling of a natural sequence alignment does not create variation at fully conserved positions, and five core residues in CC and IC sequences (including the folded subset) showed a high percentage identity to their most closely related natural sequences. The fact that this occurred in both CC and IC sequences argues that conservation of core residues is not sufficient to determine the native fold and instead that the coupling interactions between residues are essential determinants of structure.
In the companion Nature paper, Russ et al. (2005) extended the design study by comparing natural and artificial WW domain function. First, they screened peptide libraries that were based on the different classes of WW domains for functional binding to the artificial WW sequences. They then measured binding affinities of the peptides to the artificial sequences. These approaches, combined with ligand saturation mutagenesis to test the interaction between the artificial domains and the peptides, have shown that the artificial WW domains are not only functional but can be divided into different classes according to their specificity very much like the natural domains. With this validation, the authors explored the amino acid determinants of binding specificity in WW domains, using relationships between the SCA, functional classification of WW domains, and mutational data. This analysis indicated that a distributed, cooperative network of residues is involved in substrate binding, even on the opposite face of the binding pocket. Therefore, artificial sequences that preserve both conservation and coupling showed a high propensity to fold to the native state with physiological stability and functional binding.
One of the most striking results of these two studies is the sparseness of the highly coupled interdependencies in the SCA that are sufficient to specify the WW fold and to confer specific binding functions. Although these two requirements are critical, they are not the only ones that drive sequence evolution. What other pressures are there on a protein sequence? What does the "fitness" of a sequence actually select for? For example, the prevalence of stabilizing native contacts over competing nonnative contacts may be a consequence of natural selection to ensure successful folding (Onuchic and Wolynes, 2004). In these studies, the artificial WW domains have not been subjected to some demands that would have been imposed on their naturally selected counterparts, including synthesis in the native cellular context, correct cellular localization, the ability to interact with partner domains at optimal affinities, and an analysis of whether they turn over at a physiological rate. Other constraints on naturally selected proteins are imposed at the level of the nucleic acid predecessors of the protein sequence. By mining the evolutionary record, SCA results should provide insight into these additional layers of selective history imposed on a set of natural sequences.
From a protein-engineering standpoint, the SCA approach has great promise. It may expand the range of functional sequence space beyond natural sequences and beyond current design approaches by describing permissive and nonpermissive mutations more completely. SCA results could be used in a complementary strategy to balance physicochemical calculations in computational models that already show significant success (Kuhlman and Baker, 2004). Additionally, the SCA results could be combined with other computational and experimental techniques to show regions of proteins that would be tolerant to modification in order to design new functionalities (Voigt et al., 2002) and to further elucidate the relationship between sequence, structure, stability, and function (Magliery and Regan, 2004).
